Summary. Staphylococcus aureus strains differ in their sensitivity to some of the bactericidal lipids produced by the host in staphylococcal abscesses. To evaluate whether the presence of a capsule might account for these differences, capsulate and non-capsulate S. aureus strains were compared for their sensitivity to staphylococcal abscess homogenates and the neutral lipid fraction derived from such material. Although the presence of a capsule appeared to reduce sensitivity, two non-capsulate mutants were only about three-to-four times more sensitive than their capsulate parent strains. Another strain, known for its resistance to these bactericidal lipids, was not capsulate. This suggests that mechanisms other than capsule formation must also determine sensitivity to the lipids.
Introduction
The destruction of staphylococci within abscesses does not involve phagocytosis but depends upon the production of two kinds of bactericidal lipid-ne consisting of a pool of long chain unsaturated free fatty acids and the other an unidentified lipid with unique properties. 1-4 Staphylococcus aureus strains differ markedly in sensitivity to this lipid, and strain sensitivity is correlated with survival within abscesses. Strains which are rapidly destroyed in abscesses are the most sensitive, whereas strains capable of longterm survival are the most resistant. Those strains which are destroyed after a delay are of intermediate sensitivity to the lipid. 2 Because it appeared likely that the lipid acts at the membrane or at an intracellular level, it seemed reasonable to determine whether the presence of a capsule could account for differences in strain sensitivity. By virtue of its hydrophilic nature, a capsule might protect the organism by serving as a barrier to entry of the lipid. This investigation examined the role of capsules in the resistance of S. aureus strains to the bactericidal lipids by comparing the sensitivity of certain capsulate and non-capsulate strains to either crude abscess homogenates or the neutral lipid fraction derived from such homogenates.
Materials and methods

Staphylococcal strains
S . aureus strains 182, 303 and TG have been de~cribed."~'~ Strain 182 was used to produce intra-peritoneal abscesses in mice. Strains 303 and TG are indicator strains in the standard bactericidal assay and represent strains with high and low sensitivity to the unidentified bactericidal lipid respectively. Strain M, a capsulate clinical isolate,' has been further characterised by Melly and co-~orkers.**~ The capsulate Smith mucoid strain has been studied by various groups. lo-' Strain M-A1 was derived from strain M, and Smith compact was derived from Smith mucoid as described below. Strain D, another capsulate strain, was kindly provided by Dr W. Karakawa. '
Abscess homogenates and lipid extracts
The preparation of abscess homogenates and the isolation of the neutral lipid fraction from those homogenates has been described. 1-3 Briefly, groups of ICR Swiss white mice were inoculated intraperitoneally with lo9 cfu of S. aureus strain 182. After 7 days, the resultant abscesses were harvested, pooled, and homogenised in saline. The homogenates were centrifuged and the insoluble components were washed three times with saline, resuspended in the same diluent, and heated to 100°C for 30min. Homogenates were stored at -70°C until needed. When necessary, lipids were extracted from homogenates by the Bligh and Dyer modification of the Folch procedure. l4 Water soluble non-lipid contaminants were removed from extracts by partition chromatography on Sephadex G-25. ' After fractionation on silicic acid, the neutral lipid fraction was recovered and stored at -70°C.39'6
Q uan t$ca t ion of bactericidal activity
The assay used to measure the sensitivity of various strains to lipids has been described.293 Serial two-fold dilutions of abscess homogenates were prepared in a diluent consisting of 2 M NaCl with 2 mM edetic acid. To each dilution was added an appropriate amount of the strain being evaluated and the mixtures were incubated at 37°C for 1 h. The surviving organisms were enumerated by making pour plates from each dilution. When lipids were assayed, the lipids were dissolved in ethanol and then diluted serially with 2 N NaCl containing 2 mM edetic acid. In this case, the initial dilution was such that the final ethanol concentration was less than 5% to avoid toxicity to the organisms. All assays were done in duplicate. Median lethal end-points (LDSO) were determined by the method of probits" and a strain's sensitivity was expressed as pg of lipid/LDSO. In instances where abscess homogenates were used, samples of homogenate were extracted to quantify the amount of lipid present, and activity was expressed as pg of total lipid/ LD50.
Isolation of non-capsulate mutants
Wadstrom and co-workers suggested that hydrophobic interaction chromatography should be a suitable method to identify capsulate S. aureus strains. Based on their observations, the following procedure was developed to isolate a non-capsulate mutant from the capsulate strain M.
S. aureus strain M was grown overnight in trypticase soy broth (TSB) with constant agitation. To 2-ml of culture was added 0-08 ml of ethylmethane sulphonate and the mixture was incubated for 8 min at 37°C. The organisms were removed by centrifugation, washed twice in saline, resuspended in TSB and incubated overnight at 37°C. Following incubation, the organisms were centrifuged and suspended in 4 M NaCl to give a concentration of lo9 staphylococci/ml. The suspension was then added to a sterile phenylsepharose (Pharmacia) column (5 mm x 30 mm) equilibrated with 4 M NaCl. After the staphylococci were added, the column was washed with 12 bed volumes of 4~ NaCl to remove the non-attached capsulate organisms. This fraction was discarded. The organisms absorbed to the column were then eluted with four bed volumes of 10 mM phosphate buffer, pH 7. Organisms from this fraction were added to TSB and incubated overnight. Spread plates were made and screened for non-mucoid colonies.
Mutagenesis was unnecessary with the Smith strain since non-capsulate variants were readily detected among the mucoid colonies after plating the parent strain on trypticase soy agar.
All potential non-capsulate mutants were tested for a number of characters to verify that isolates did not differ from the parent strain in these respects. These included the production of protein A, clumping factor, coagulase, a, D and S toxins and DNAase, reduction of tellurite, the production of acid from 14 different alcohols and carbohydrates, and sensitivity to 12 antibiotics.
Measurement of capsulation
Five procedures were used to distinguish capsulate from non-capsulate strains. Organisms were mixed with India ink (Pelican) and examined for negative staining by light microscopy. l 9 Organisms were also mixed with India ink, embedded in Poly/Bed 812 (Polyscience), thin-sectioned, and examined by electronmicroscopy .** Colonial morphology in serum soft agar was evaluated by adding appropriately diluted suspensions of each strain to brain heart infusion broth containing agar 0.15% w/v and normal rabbit serum 1% v/v, and incubated at 37°C overnight." Streaming colonies were considered to be capsulate and compact growth was deemed to represent non-capsulate organisms.
The presence of surface protein A was revealed by mixing whole staphylococcal cells with chicken erythrocytes (RBC) sensitised with anti-RBC IgG. If accessible, protein A interacted with the Fc portion of the IgG molecule and caused haemagglutination. *'
With capsulate organisms, the capsule covered the protein A and the cocci failed to agglutinate the sensitised erythrocytes.
Clumping of organisms within 15-30 s was considered to be a positive reaction.23 Again, the presence of a capsule precluded interaction of the clumping factor with plasma fibrinogen.
Chemicals
All solvents were reagent grade and were distilled in glass before use. Lipid standards were purchased from Sigma.
Results
When the different S. aureus strains were mixed with India ink, embedded, and examined by electronmicroscopy, strains D, M and Smith mucoid exhibited a wide particle-free zone around the organism which indicates the presence of a capsule. These strains also gave negative reactions for surface protein A and clumping factor, grew as streaming colonies in serum soft agar, and demonstrated the characteristic halo under light microscopy with India ink. On the other hand, the derived mutants, M-A1 and Smith compact, as well as the indicator strains, 303 and TG, gave no evidence of capsulation by electronmicroscopy or light microscopy with India ink. Furthermore, they grew as compact colonies in serum soft agar, and exhibited both protein A and clumping factor on their surface.
To determine whether the presence of a capsule confers increased resistance to the bactericidal lipids, the various capsulate and non-capsulate strains were evaluated for their sensitivity to abscess homogenates and the neutral lipid fraction isolated from such preparations. It was found that the capsulate Smith and M strains were about three-to-four-fold more resistant to the lipids than were their non-capsulate mutants (table) . The indicator strain TG was also rather resistant to the lipids even though there was no indication that it possessed a capsule.
Discussion
It has been s u g g e~t e d~~.~~ that the probable site of action of bactericidal fatty acids is the membrane, and that the difference in sensitivity between gramnegative and gram-positive organisms is related to the barrier effect posed by the outer membrane in the former. Therefore, we considered that a hydrophilic capsule would impede lipid access to the membrane of S. aureus and thus reduce the organism's sensitivity to the lipids. In our study, capsulation was found to provide increased protection from the lipid preparations tested, but this effect was limited, with only about three-to-four-fold greater resistance in the capsulate strains than in the non-capsulate mutants.
Although capsulate strains of S. aureus are uncommon, it seems reasonable that the capsule could offer some survival advantage to the organism in lesions where the bactericidal lipids are produced.
S. aureus strain TG is very resistant to the bactericidal lipids, yet it is non-capsulate, indicating that other mechanisms also determine resistance. A possible alternative could be the production of slime in the absence of a definite capsule. 26 Although we found that strain TG can produce slime in media with a higher carbohydrate concentration, we saw no indication that slime was produced in TSB, the medium used to prepare test suspensions. Whether strain TG or other strains can produce slime in vivo, and whether such a slime layer could exclude lipids, awaits further study.
